Haemophilus influenzae type b (Hib) has been the leading cause of bacterial meningitis in many parts of the world before the introduction of vaccination against Hib. In Latin America, the incidence of Hib meningitis in children aged 0 to 4 years is 35 per 100,000, and the incidence of any Hib disease is 60 per 100,000 34 . In Brazil Hib accounts for about one third of childhood bacterial meningitis 7 28 . The peak incidence of disease in Brazil is during the first year of life with many cases occurring as early as 0-6 months of age 22 . It has been shown that antibodies to the capsule of H. influenzae type b polyribosylribitol phosphate (PRP) have biological activities against the organism 47 and are effective in both the treatment and prevention of disease 36 40 . A capsular polysaccharide vaccine was developed in the mid 80's, but was poorly immunogenic in children less than 15 months of age 43 . Therefore, in an attempt to enhance the immunogenicity of this T-cell independent antigen, several PRP conjugate vaccines have been developed that covalently link PRP to a protein carrier, such as tetanus-toxoid (T) 46 . These Hibconjugate vaccines have been shown to prime for memory responses 19 in addition to being immunogenic in the very young. They have proven to be highly effective, with protection rates against Hib meningitis well above 95% 8 35 and of over 20% against radiologically confirmed pneumonia.
Because of this extraordinary efficacy and effectiveness, World Health Organization (WHO) recommended in 1998 that Hib vaccination should be included in routine infant immunization programs 49 , preferably together with DTP (diphtheria/tetanus/pertussis). Since its introduction in 1957 DTP vaccine has gained high acceptance with a target of a 90% worldwide coverage by 2000 37 48 . In Brazil, the coverage in the last years has already surpassed this level. Because both vaccines are given as a 3-dose schedule at the same age and a combination was technically feasible, DTPw/PRP combination vaccines were rapidly developed. Such new combinations would use the high acceptance of DTPw to facilitate the introduction of Hib, to reduce the number of injections, to increase compliance, and to reduce program costs.
Several studies have addressed the safety and immunogenicity of those DTPw-Hib combinations versus the separate administration of the two vaccines.
Although some studies have shown modest and clinically irrelevant reductions in antibody titers to PRP, tetanus or pertussis 13 17 18 , most have found no evidence for reduced immunogenicity 1 4 28 39 , even in a stringent accelerated immunisation schedule as used in the UK 3 . Furthermore, the combination of PRP with DTPw did not increase the rate of local or systemic reactions 1 3 6 13 18 25 30 39 . However, each new DTPw/Hib combination has to be tested again for lack of interference both for safety and immune responses 33 . Brazil is one of the few developing countries with an efficient public vaccine industry. Recently, Bio-Manguinhos has acquired the technology from GSK Biologicals to produce Hib vaccine locally in Brazil. The aim of this study was to show that it is feasible to mix extemporaneously the Hib conjugate (PRP-T) vaccine produced with the GSK Biologicals /Bio-ManguinhosFundação Oswaldo Cruz (FIOCRUZ) technology with a locally manufactured DTPw from Instituto Butantan.
MATERIAL AND METHODS
The study was designed as a phase III observerblind, prospective, randomized, controlled trial in a single vaccination center and was conducted according to the Declaration of Helsinki and to Brazilian and European Good Clinical Practice guidelines.
Subjects. Healthy infants of either gender between 6 and 14 weeks of age were recruited. The protocol, including parent information sheet, was approved by the Ethics Committee of the principal investigator's affiliation and country health authorities, prior to study start. Written informed consent was obtained from the parents/ legal guardians of each child before subject enrollment.
Exclusion criteria were: prematurity, acute moderate to severe disease, immunodeficient conditions or acute immunosuppressive therapy, neurological disorders or previous seizures, and previous allergic reactions. All infants were recruited in one study center in a rural part of Rio de Janeiro State. The population consisted of children from low to medium socioeconomic class families without overcrowding.
Vaccines. DTPw Instituto Butantan: each 0.5ml dose of the vaccine manufactured by Instituto Butantan, São Paulo, Brazil, contained purified diphtheria toxoid (10 Lf ), purified tetanus toxoid (10 Lf), and inactivated Bordetella pertussis whole cell suspension (16 OU) as well as aluminum hydroxide (< 1.25mg) and thiomersal as preservative.
DTPw GlaxoSmithKline Biologicals: each 0.5ml dose of the vaccine manufactured by GlaxoSmithKline Biologicas, Rixensart, Belgium, contained purified diphtheria toxoid (> 30 IU), purified tetanus toxoid (> 60 IU), and inactivated Bordetella pertussis whole cell suspension (> 2 IU), as well as 0.4ml aluminum salt and 2-phenoxy ethanol as preservative.
PRP-T: PRP-T was manufactured by GSK Biologicals, Belgium, using the same technology as transferred to Bio-Manguinhos -FIOCRUZ, Rio de Janeiro in 1998. Two slightly different but bioequivalent formulations were prepared for this study. The vaccines were composed of 10mg Haemophilus influenzae type b capsular polysaccharide (PRP) and conjugated to 20-40µg tetanus toxoid as protein carrier. They were presented as a freeze-dried pellet in a monodose vial to be reconstituted with liquid DTPw.
DTPw/PRP-T combination: a single dose of the DTPw/PRP-T combination was prepared by resuspending one vial of the freeze-dried PRP-T vaccines with the content of one vial of DTPw manufactured by Instituto Butantan (group 1), or one vial of DTPw from GSK Biologicals (group 2).
All vaccines used in this trial were released according to the manufacturers Quality Control (QC) criteria and approved by Instituto Nacional de Controle de Qualidade em Saúde (INCQS).
Study design and objectives. Infants were randomly allocated to one of the two study groups, using an algorithm of pseudo random numbers (RS/1, BBN Inc.). Infants allocated to study group 1 received PRP-T reconstituted with DTPw from Instituto Butantan, those of group 2 got PRP-T reconstituted with DTPw from GlaxoSmithKline Biologicals. The vaccines were administered by deep intramuscular injection into the left anterolateral thigh at 2, 4 and 6 months of age. All children of both groups were to receive OPV at 2, 4 and 6 months as well as their third dose of hepatitis B (Engerix-B™ GSK Biologicals) at 6 months of age.
If after vaccine administration one of the following adverse events occurred -fever > 40.5 Cº, persistent inconsolable crying for more than 3 hours within 48 hours of vaccination, hypotonic-hyporesponsive episode, hypersensitivity to the vaccine, seizures with or without fever within 3 days -the child would be excluded from further vaccine dosing as a precautionary measure as those events might be attributed to the whole cell B. pertussis component 38 . The primary objective of the trial was to assess the immune response to PRP-T when mixed with the locally manufactured DTPw from Instituto Butantan as compared to a mixture with DTPw from GSK Biologicals one month after the 3rd vaccine dose. Secondary objectives were the immune response to PRP-T after 2 doses as well as the immune response to all other vaccine antigens (diphtheria toxoid, tetanus toxoid, and Bordetella pertussis after 3 doses). Further secondary objectives were the safety and reactogenicity of the two vaccine combinations.
Safety and reactogenicity. Each child was observed for at least 15 min for immediate reactions after the injection of the DTPw/PRP-T vaccines. The parents/ guardians received diary cards and were instructed by the study nurses to document any local reactions (pain, redness, swelling), as well as systemic reactions (fever, irritability, drowsiness, feeding problems, unusual crying) including severity and duration of the event occurring from the day of vaccination through the next three days. In addition, parents were instructed to record any other unsolicited adverse event within 30 days post vaccination on the diary card.
Serology. Blood samples were taken prior to the first dose, two months after the 2nd dose, and one month after the 3rd dose. Sera were stored at -20°C until analyses were performed at GSK Biologicals central laboratories in Rixensart, Belgium in a blinded fashion.
Although anti-diphtheria and anti-tetanus titers > 0.01 IU/ ml are generally considered to be protective and ELISA results are in general well correlated with in-vivo neutralization tests 29 , this correlation is reduced at antibody titers < 0.1 IU/ml. Thus, anti-diphtheria and antitetanus ELISA titers > 0.1 IU/ml are commonly set as a conservative cut-off. Samples with anti-diphtheria ELISA titers < 0.1 IU/ml were re-tested with a more sensitive invitro VERO cell neutralization assay 31 with a cut-off at 0.016 IU/ml. Bordetella pertussis antibodies were determined using a whole-cell based commercial ELISA kit with a cut-off at 15 EL U/ml (Labsystem, ICN-Flow, Helsinki, Finland). An ELISA assay was used to measure the antibodies against PRP with a cut-off at 0.15Ug /ml.
For all components, antibody levels above the cutoff were considered to be protective, except for Bordetella pertussis for which no serological correlate for protection has been established. A vaccine response to Bordetella pertussis was defined as the induction of antibody titers above the assay cut-off in initially seronegative subjects. In initially seropositive subjects a post-vaccination titer at least equal to the infant's prevaccination titer was required, taking into account the half-life of maternal antibodies, estimated at 40 days 45 . Statistical methods. The statistical analyses were performed using SAS 6.12 on Windows NT and StatXact-3.The sample size of 51 infants evaluated per group was based on the primary objective to show noninferiority of the anti-PRP response when PRP-T was mixed with DTPw from Butantan compared to mixture with DTPw from GSK Biologicals (n Query, two group test of equivalence in proportions; one-sided test, α = 0.05, β= 0.1). A FDA and EMEA accepted method to show non-inferiority of two biological products is to agree a priory on a clinically acceptably difference between the two products, and then build 90% confidence limits around that difference. If the priory accepted difference falls within this interval, the two products are deemed to be equivalent for the parameter tested. The statistical hypothesis of non-inferiority of the PRP-T/DPTw Butantan mixture was thus tested by constructing confidence limits around the difference in anti-PRP seroprotection rates > 0.15µg /ml. If the lower 90% confidence limit of the difference was less than 10% 2 vaccines combinations were deemed equivalent.
In addition, seropositivity rates as well as geometric mean titers (GMT) with their 95% confidence intervals were calculated for all vaccine related antibodies prevaccination and post-III vaccination. Post III reverse cumulative distribution curves were produced for all active vaccine components.
For safety and reactogenicity, the percentage of subjects with adverse events was computed and 95% confidence intervals were compared between groups, in addition to Fisher's exact test. Demographic comparability of the 2 groups was tested by Fisher's exact test for the male/female ratio and by ANOVA for age differences.
RESULTS
A total of 108 subjects were enrolled into the study between May and July 1999. Of those, 54 infants were randomly allocated to the PRP-T/DTPw Butantan combination (group 1) and 54 to the PRP-T/DTPw GSK Biologicals vaccine (group 2). Group 1 consisted of 28 female and 26 male infants with a mean age of 8.8 (+ 1.4 SD) weeks at the time of the first dose. There was no difference in demographics compared to group 2 which included 32 females and 22 males being 8.7 (+ 1.6 SD) weeks of age at first vaccination.
Of the total cohort of 108 infants, 107 infants were included in the analysis for safety and reactogenicity (99.1%). One child of group 2 had to be excluded after receiving a non-study vaccine.
For analysis of the immunogenicity, 2 cohorts of children were analyzed: an intent-to-treat cohort (ITT) where all subjects with paired blood samples were included (n = 95: 45 in group 1 and 50 in group 2), and an according-to-protocol cohort (ATP), including all infants with paired blood samples and compliance to vaccination/blood sampling timings (n = 88: 41 in group 1 and 47 in group 2). Reasons for the 20 dropouts from the ATP analysis: receipt of a non-study vaccine (n = 1), violation of in/exclusion criteria (n = 3), non-compliance with the vaccination schedule (n = 14) and noncompliance with the blood sampling schedule (n = 2). For 86 of these 88 subjects, blood samples were available from all 3 sampling time-points.
Serological response to PRP-T. The anti-PRP response of the 2 study groups is given in Table 1 . Both groups had comparable pre-vaccination GMT's of 0.24µg/ml and 0.18µg/ml, respectively. After the second dose, 98% and 100% of infants had anti-PRP antibody titers > 0.15µg /ml, and after the third dose 100% children in both groups had titers above 0.15µg/ml. Because the sample size in neither group reached the required 51 subjects per group, the study lacked statistical power to refute inferiority of Group 1. The lower 90% confidence limit of the 0% difference between the two groups was 13% and thus marginally surpassing the pre-set limit of 10%. GMTs after the third dose were very similar in the two study groups (9.34 and 10.25µg /ml) with widely overlapping confidence intervals. The comparable immune response of both groups to PRP is also shown by the reverse cumulative distribution curves for anti-PRP titers that are almost identical (Figure 1 )
When analyzing the ITT cohort, the results were similar (data not shown). After 3 doses, 100% of children in both groups had titers > 0.15µg /ml. In this ITT analysis 98% of children in group 1 and 96% in group 2 had titers > 1.0µg /ml with GMT's of 9.02µg /ml and 10.36µg /ml, respectively. Serological response to diphtheria, tetanus and pertussis. Seroprotection/vaccine response rates and GMTs for diphtheria, tetanus and Bordetella pertussis are shown in Table 2 . For diphtheria, pre-vaccination seropositivity rates and GMT's were within the same range in the two groups. After 3 doses, 88% of infants in group 1 compared to 98% of infants in group 2 had ELISA diphtheria antibody levels > 0.1 IU/ml. Anti-diphtheria GMTs were significantly higher in group 2 than in group 1 (1.47 IU/ml vs. 0.48 IU/ml) and the reverse cumulative distribution curves for anti-diphtheria titers showed a clear right shift towards higher titers in group 2 ( Figure 2) . Results in the ITT cohort were similar with 87% of infants in group 1 and 98% of infants in group 2 showing titers > 0.1 IU/ml (data not shown).
In order to determine the true rate of unprotected infants against diphtheria, a more sensitive VERO cell neutralization assay was performed in all ELISA negative samples. After 3 doses of vaccine 5/40 subjects in group 1 and 1/46 subjects in group 2 were anti-diphtheria negative by ELISA. Upon re-testing by VERO cell test 4/ 5 ELISA negatives in group 1 tested positive with one true vaccine failure, and the single ELISA negative subject in group 2 tested positive by VERO assay as well. Thus, the true anti-diphtheria protection rate in group 1 was 98% (95% CI: 85; 100) and 100% in group 2 (95% CI: 85; 100) with significantly higher GMTs in group 2.
For tetanus, all infants in both groups had protective anti-tetanus levels after 3 doses of vaccine (Table 2) . GMTs and reverse cumulative distribution curves for antitetanus were similar (Figure 3) . No significant differences in response to pertussis between the 2 groups were noted after the third dose. Following 3 doses of either vaccine combination, all infants in both groups were seropositive with similar GMTs of 111 and 124 EL U/ml. The reverse cumulative distribution curves for anti-Bordetella pertussis closely overlapped (Figure 4) . Safety and reactogenicity. The safety analysis was performed as intent to treat and based on a total of 107 subjects who received at least one dose of study vaccine (54 in group 1 and 53 in group 2). In group 1, 47 children received all 3 doses, 4 received 2 doses and 3 children got 1 dose of vaccine, for a total of 152 doses. In group 2, 51 infants got all 3 doses and one child each received 2 doses and 1 dose for a total 156 doses. A total of 145/ 152 doses in group 1 and 152/156 doses in group 2 could be evaluated for safety and reactogenicity. Table 3 shows the incidences and severity of local and systemic reactions during the four-day follow-up period. Local and systemic reactions were common in both groups, but most reactions were mild and resolved spontaneously within the observation period. There was no statistical difference between the groups except for severe pain and irritability, using Fisher's exact test at 0.05 significance level without adjusting for multiple testing. Neither local nor systemic reactions increased with doses in either of the two study groups (data not shown). Among the systemic reactions, fever ≤ 37.5°C was the most common event occurring after 39% of doses in group 1 and after 45% of doses in group 2. However, fever ≥ 39°C occurred only in 1% and 4% of doses, respectively. There was no case of hypotonic- hyporesponsive reactions, seizures, other neurological sequelae or allergic reactions in either group. In 2 infants of each group, additional unsolicited events were reported during the 5-month study period, all being typical childhood infections and judged by the investigator as unrelated to vaccination. One child of group 1 was hospitalized with respiratory distress and spasmodic coughing 8 weeks after the second vaccination. The child recovered under treatment without sequelae. 
DISCUSSION
The feasibility to reconstitute lyophilized PRP-T with DTPw or DTPw-HB has been validated, and various DTPw/PRP-T and DTPw-HB/PRP-T combined vaccines are already registered in many countries 1 3 28 33 44 . However, any new combination of differently sourced vaccine components has to be tested again for its immunogenicity and safety profile and has to be registered before use. Recently, the Brazilian vaccine manufacturer BioManguinhos / FIOCRUZ acquired from GSK Biologicals the technology for production of a PRP-T vaccine. After showing bioequivalence to the GSK Biologicals vaccine the Bio-Manguinhos / FIOCRUZ PRP-T vaccine has been licensed in Brazil and is now universally used for the Hib vaccination by the Brazilian Ministry of Health (MOH). In the present study, Hib PRP-T vaccine produced with the common technology of GSK Biologicals and BioManguinhos / FIOCRUZ technology was reconstituted either with a DTPw vaccine produced by Butantan or with a DTPw produced by GSK Biologicals which is a licensed combination in many countries worldwide.
Although due to a limited statistical power noninferiority of the PRP-T/DTPw Butantan combination could not be excluded, the study shows that the immune response to PRP-T after 3 doses of vaccine was very similar between the PRP-T/ DTPw Butantan and GSK Biologicals combination. All children in both groups had antibody titers ≥0.15µg/ml following a full vaccination course. There was also no difference in the percentage of children with titers ≥1.0µg/ml (97.5% and 95.7%) nor in the GMTs (9.3% and 10.2µg /ml).The anti-PRP protection rates and GMTs achieved with both DTPw/PRP-T combinations in this study are well in-line with results from different DTPw/PRP-T combination trials performed in various Latin American and Asian countries 7 8 9 14 15 39 . An interesting finding in some of those studies was a substantially higher anti-PRP immune response among infants in Latin America, compared to infants of similar age from the USA and Europe 7 18 20 23 25 . The reason for these differences in the anti-PRP response in different geographic areas of the world is not clear. An explanation offered is antigenic stimulation by crossreacting enteric bacteria. For example, biologically active anti-PRP antibodies can be induced by colonization with E. coli K-100, and other enteric bacteria, and also Staphylococcus aureus 23 42 . It is possible that children living in crowded conditions are more often exposed to these cross-reacting bacteria. Another observation is the association of high anti-PRP titers with an increased number of household members, indicating that the higher responses may be attributed to increased exposure to the Hib organism transmitted by siblings 25 . One important observation in this study was that already after 2 vaccine doses 97.6% and 100% of infants, respectively, had anti-PRP titers greater than 0.15µg/ml, the antibody level which conservatively indicates protection 13 . 82.9% of children in the PRP-T/ DTPw Butantan and 89.1% in the PRP-T/DTPw GSK Biologicals group had even titers ≥1.0µg /ml with GMTs of 4.3 and 4.7µg /ml after 2 doses only. These results are to be put in context with the early Hib vaccine efficacy trials in Finland, where after 3 doses of PRP-D 58% of children had titers above 0.15µg/ml and only 29% had titers greater than 1.0µg/ml, yet the protective efficacy against invasive Hib disease was far above 95% 6 36 .
The finding that practically all infants had protective anti-PRP antibody levels already after 2 doses of either DTPw/PRP-T combination is of special importance from a public health point of view. The reason for combining PRP-T with a well-established vaccine such as DTPw is to facilitate the introduction of Hib vaccine into the EPI vaccination program in Brazil. In 1998, the nationwide coverage for 3 doses of DTPw was 93% in Brazil. However, there were still regions with coverage rates as low as 70% 29 . Because of the high immunogenicity of PRP-T in combination with DTPw in both combinations tested, even those with low compliance would have been protected against Hib after having received 2 doses only of the DTPw/PRP-T vaccine. The other important public health benefit of those DTPw/PRP-T combinations is an earlier Hib protection already after 2 doses at 4-5 months due to the improved kinetics. This is clinically relevant as about 20 -50% of Hib disease in Brazil and other tropical countries occurs before 6 months of age 21 34 36 . A remarkable difference between the two DTPw/PRP-T combinations tested was the lower anti-diphtheria response in the Butantan combination which has a D component with lower potency. In this feasibility trial and with the batch used, the anti-D titers were not only lower than the titers in the GSK Biologicals combination, but also compared to Dresponses in other DTPw/ Hib combinations 1 10 33 44 . Thus reinforcing the need for all infants to receive a DTPw booster in the 2 nd year of life as recommended by the Brazilian MOH, especially as diphtheria is still present in Brazil with over 50 confirmed cases in 1999 5 . In addition, there are good reasons that a further D booster with reduced potency should be given to adolescents or young adults, either as Td as currently recommended by the National Immunisation Program , or in the future the recently licensed DTP acellular pertussis vaccine.
With regard to anti-tetanus antibodies, the results of the two DTPw/PRP-T preparations were similar. All children had high protective antibody titers after 3 doses. Of interest is the finding that before vaccination at 2 months of age, over 75% of infants had maternal antitetanus antibodies, indicating that the recommendation of tetanus vaccination in pregnancy to avoid neonatal tetanus is well respected in Brazil. Since the magnitude of the anti-PRP antibody response may be influenced by immunological priming to the carrier protein 2 3 8 19 , tetanus toxoid, we compared the anti-PRP response after 2 and 3 doses in infants with and without antitetanus antibodies at study entry. There was no difference in the anti-PRP response whether or not infants had maternal anti-tetanus antibodies.
With regard to pertussis, both vaccines elicited a similar anti-Bordetella pertussis response. However, it is to be kept in mind that anti-Bordetella pertussis antibodies are not a surrogate marker of protection but only for vaccine response. The GSK Biologicals DTPw is one of the few whole-cell pertussis vaccines which have been tested for protective efficacy in a prospective clinical trial showing an efficacy of 97% in the prevention of typical pertussis 41 . Of interest is that only 1/106 infants in the study had maternal antipertussis antibodies at 2 months of age. Typically, at this age, 10-20% of infants have maternal antibodies 1 8 12 . Thus indicates that most of the mothers in this study do not have antibodies. This is potentially dangerous because these mothers may serve as a reservoir and transmit pertussis to their newborn infants. Therefore, a booster with DTPa in adolescents and young adults should be considered which not only boosts pertussis protection in those age groups, but which also indirectly would protect infants until they possess their own vaccine induced pertussis immunity.
Local and systemic reactions were common in both groups, but the incidence was similar to what is seen when DTPw vaccines are given alone 10 22 . In addition, virtually all events were not severe and resolved spontaneously. There was a trend towards lower incidences of solicited events in the group receiving PRP-T/DTPw Butantan, most likely reflecting the lower diphtheria potency of this vaccine, as the D content is known to be associated with local and systemic reactions.
In summary, the present feasibility study shows that the PRP-T produced with the GSK Biologicals/BioManguinhos technology can be mixed with the DTPw from Butantan. This DTPw/Hib combination is safe and highly immunogenic for the Hib response already after 2 doses, as well as for tetanus and pertussis. The lower anti-diphtheria titers can probably be overcome by a DTPw booster in the second year of life and Tdpa boosters later in life. If a confirmatory trial reveals similar results on this feasibility study, this new DTPw/Hib combination will not only help decrease the number of injections and thus costs, but will also improve compliance and thereby enhance the uptake of routine Hib vaccination in Brazil.
